ABSTRACT. The effect of load intensity and porous material structure on the fragmentation statistics of ZrO2(MgO)-based ceramics is studied. Cylindrical samples were fragmented under dynamic compression. Experimental data processing showed that the shape of stress-strain curves, the fragment size distribution and distribution of time intervals between the fractoluminiscense impulses depend on the sample porosity and load intensity. The X-ray Computed Tomography (CT) study of porous material structures allowed us to link the fragmentation statistics with pronounced porosity clustering (about 97% of the total pore volume) formed due to sintering.
INTRODUCTION
ynthesis of ceramic materials with projected properties implies studying the relationship between physical and mechanical characteristics and porosity of the material. On the one hand, the role of porosity as the main structural factor is associated with the absence of the effective mechanism of structural relaxation due to a dislocation motion, and, on the other hand, with the long-range interactions in the ensemble of pores growing during the deformation. These features determine the pore clustering, damage-failure kinetics and mechanical properties in a wide range of load intensity [1] . Study of the effect of porosity revealed the influence of the porous cluster morphology on the deformation properties of ceramics ZrO 2 (Y 2 O 3 ) [1, 2] . This is associated with a change in pore distributions related to the transition from the isolated pore structure to the structure with pore clustering. In this paper, the effect of pore cluster morphology of the ceramic material subject to dynamic loading and fragmentation was studied based on the analysis of 2D and 3D structure images obtained by X-ray Computed Tomography (CT).
SAMPLES AND EXPERIMENTAL TECHNIQUE
he samples used in the experiment were fabricated at the Institute of Strength Physics and Material Sciences (SB RAS, Tomsk) from the ceramics of ZrO2-MgO system (8.6 % mol MgO) by the plasmochemical method [4] . The manufacture of ceramic samples was carried out by powder metallurgy technique, which consisted in powder S T compacting within the steel molds with a hydraulic punch under compacting pressure of 70 MPa. The obtained compacts were sintered in air at 1550°С and then subjected to isothermal exposure within an hour. The samples had the shape of cylinders of diameter from 8.5 to 13 mm, length from 6.8 to 12.2 mm and weight from 2.2 to 6.3g. Porosity of the initial powder before compacting varied from 10% to 60%. Figure 1: a) The scheme of experimental set-up (1-sample, 2-input bar, 3-output bar, 4-photomultiplier tube (PMT), 5-teflon ring, 6-impedance matched WC insert, 7-plastic cylinder); b) stress-strain curve for ceramic samples with porosity of 10%, 20%, 45%, 60%.
Dynamic tests were carried out using a split Hopkinson pressure bar, (Fig.1(a) ), which consists of the input (3 m in length and 25 mm in diameter) and output (1 m in length and 25 mm in diameter) bars to provide single-pulse loading conditions. The bars were made of high-strength steel (~1900 B GPa ). A sample was sandwiched between the bars and separated from them by the impedance-matched tungsten carbide (WC) inserts, which prevented samples from being indented into the bars, the hardness of which was less than the hardness of the examined ceramics. The position of the bars was carefully adjusted before each loading to ensure a uniform distribution of the force applied to the end faces of the samples. In order to eliminate the effect of dispersion in the bars and to provide the dynamic stress equilibrium conditions (the equality of forces applied to the specimen ends) during tests, we used a brass pulse shaper, which was a 7x7 mm plate of thickness 1.4 mm. By varying the striker velocity, we managed to increase the deformation rate from 400 to 3000 s -1 . The study of fragmentation statistics (fragment size distribution and distribution of time intervals between the fractoluminiscence impulses) required modification of the traditional scheme of the split Hopkinson bar. The samples and the ends of the bars adjacent to the samples were placed into plastic cylinders, which allowed the fragments of ceramics to remain confined within the cylinder and provided dimming necessary for registration of the fractoluminiscence impulses. The formation of fracture surfaces during sample fragmentation initiated light emission, which was recorded by the two photomultiplier tubes (PMT) with the rise time of 0.8 ns, which were located at the opposite lateral surfaces of the sample. To improve reliability of experiments, two PMT were used. From the PMT signal was transmitted to the Tektronix digital oscilloscope DP07254 with a band width of 3.5 GHz and sampling rate less than 10 GHz. Thus, the modified setup had the advantage of getting both the deformation curves and the statistic characteristics of the fragmentation process, based on the data on the two types of distribution: size distribution of the spatial parameter (fragment size) and size distribution of the temporal parameter (the interval between fractoluminiscence impulses). 
DYNAMIC FRAGMENTATION RESULTS
ig. 1(b) shows typical stress-strain curves for ceramic samples with different porosity before sintering. It should be noted that for the samples with porosity less than 45%, the stress-strain    ( ) curves have one stress maximum, whereas for the samples with porosity of 45% and 60% the    ( ) curves show two maxima. The experimental data were used to construct the cumulative fragment size distribution, i.e., the relationships between the number of fragments, N , the size (mass) of which is larger than a prescribed value, and the size, r (mass m ), of the fragment. The fragment mass was measured by weighing fragments on the electronic balance HR-202i. Fig. 2(b) and Fig. 3(b) present the log-log plots of the cumulative fragment size distribution for the samples, in which the initial porosity of the powder component was 20%, (Fig. 2(b) ), and 60%, (Fig. 3(b) ). The above distributions are well described (R 2 >0.96) by the power law function: The value of the power law exponent S D depends on the material porosity and load intensity. The time intervals between the fractoluminiscence impulses was about 2÷10 3 ns in the active fracture stage, while in the final stage it increased up to 10 6 ns. The change in porosity from 10% to 60% led to a growth of the impulse number by a factor of 18. Fig. 2(c) and Fig. 3(c) present the log-log-plots of the time interval distribution function, which depicts the dependence of the number of intervals, t N , with the size larger than or equal to t . The distribution function for the samples with porosity of 10÷45% is well described (R 2 >97%) by two power laws (two straight lines), (Fig. 3(c) ). Whereas for the samples with porosity of 60% it is described by power law (one straight line), (Fig. 2(c) ):
The value of power law exponent t D in the relation (2) is affected by the porosity and load value. The ceramic material under study has a cellular structure, which is formed by hollow powder particles (particle porosity) separated by interparticle pores [3, 4] . Therefore, it was suggested in [5] that the difference in the time interval distribution functions, (Fig. 2(c) and Fig. 3(c) ), for samples of different porosity and a weak sensitivity of the power law exponent to load intensity for low porosity samples, (Fig. 3(b) ), should be explained by the competition between two pore systems. The study of porous structure of the non-deformed samples using X-ray Computed Tomography (CT) indicates that the key role in fracture and fragmentation process for studying ceramic is belong to the interparticle pores system.
X-RAY COMPUTED TOMOGRAPHY (CT) STUDY
he investigation of porous structure (inter-particle porosity) of ceramic samples with initial powder porosity of 20% and 60% was done using X-ray Computed Tomography (Nikon Metrology XT H 225+180 LC, Perm State University). The CT data obtained for the sample with initial porosity of 60% (diameter is 13 mm and height is 12 mm) were represented by a stack of 1039 cross-section images of the sample, (Fig.2(a)) , and for the sample with initial porosity of 20% (diameter is 8 mm and height is 7 mm) -by a stack of 1350 images, (Fig.3(a) ). Dark areas in Fig.2(a) and Fig.3(a) correspond to pores. Processing of the CT data was done using the ImageJ (IJ1.46r) open source software, which allowed us to calculate the number and volume of the pores, porosity, area and perimeter of the pores in all slices and to perform 3D visualization. The results of stack processing showed that the real porosity of the sample produced from the powder with initial porosity of about 60% was 30% and the real porosity of the sample with initial powder porosity of about 30% was 2%. The cumulative pore size distribution function for the pore size greater than a prescribed value is presented in Fig.4 . In the calculation we used the stack of 1350 slices in the case of 2% porosity sample and the stack of 900 slices in the case of 30% porosity sample. Gray dots indicate the pore size distribution for the low porosity (2%) sample. The pore size distribution for the sample with porosity of 30% is described by a curve consisting of orange dots and separately located big red dot. The construction of 3D images, (Fig.5 and Fig.6 ), of the sample pore structure allowed us to establish that volume of 374 mm 3 (red dot) is the pore cluster, and the orange curve describes the size distribution of pores that stand alone (outside the cluster). Moreover, cluster covers 98% of porosity and this is the main reason of its considerable influence on the fracture process. Note that it will be impossible to obtain the above cluster if we try to construct 3D image of the pore ensemble using a small number of slices, (10 or 20, Fig.6(a) ): the formation of 3D cluster is feasible only with a sufficiently large number of slices, (more than 100, Fig. 6(b) ). 
CONCLUSION
he experiments on dynamical fragmentation of ZrO 2 ceramics showed, that the initial porosity of the samples has effect on the shape of the stress-strain curves, (Fig. 1(b) ), the scatter of the power law exponent of the fragment size distribution, (Fig. 2(b) and Fig.3(b) ), and the type of the time interval distribution function, (Fig. 2(c), Fig. 3(c) ). T T Figure 5 : 3D image of the pore system for 2% porosity sample (100 slices). Processing of CT images of non-deformed samples using the ImageJ code allowed us to conclude, that mentioned features of ceramics fragmentation with different porosity should be associated with a large cluster, which is formed in the process of preparation of ceramic samples with porosity of 30% (from the initial powder compact with 60% porosity) and combines up to 98% of all sample pores. Initial fracture stage, which involves multiple initiation and growth of porous defects plays the key role in fragmentation of sample with low porosity 2% (initial 20%). But for the samples with 30% porosity (initial 60%), this stage is practically absent due to the presence of pore cluster, and the failure is caused by the loss of stability of the partitions between the pores. This hypothesis is confirmed by the following facts:  stress-strain curves for high porosity samples have two maxima, the first of which corresponds to the pore collapse and the second -to the deformation of compacted material;  in the initial stage of fracture, the intervals between the fractoluminescence impulses for the sample with 2% porosity are two or three times longer than for the sample with 30% porosity. The increase in porosity from 2% to 30% leads to an 18-fold growth of the number of fractoluminescence impulses, which corresponds to the scale-invariant power law distribution of time intervals (straight line in Fig. 2(c) ). The scatter of power law exponent (Fig. 2(b) ) for the sample with 30% porosity is also due to the formation of a cluster, which provides a wide range of possible fracture variants. The scale invariant law associated with the increase of porosity is also the fundamental subject of research, because it characterizes the material ability to demonstrate the criticality of damage-failure transition due to the involvement of total spectra of the space-time scales into the mechanisms of the defect-induced structural relaxation. The established characteristic features of fragmentation may be crucial for studying the absorption mechanisms [6, 7] , which can exhibit scaling (structural wave fronts [8] ) in a wide range of load intensity.
